M osquito-borne diseases are reemerging as a significant threat to public health worldwide, increasing in incidence in areas where they were previously thought to be under control and expanding into new geographic regions (Gubler 2002) . Changes in vector density and distribution are resulting from anthropogenic environmental changes and from widespread disruptions to ecosystem services (Millennium Ecosystem Assessment 2005) . Paramount among the changes influencing mosquito-borne disease is deforestation, itself the inevitable forerunner to agricultural development (Mulla et al. 1987, Yasuoka and Levins 2007) , irrigation (Amerasinghe 2003 , Tyagi 2004 , and other associated water-resource developments, such as dam construction (Ghebreyesus et al. 1999 , Singh et al. 1999 . Recently, secondary soil salinization joined the list of deforestation-associated mechanisms that have the potential to enhance vector mosquito breeding and thus increase vector borne disease transmission (Jardine 2007 , Lindsay et al. 2007 ).
In the period 2000-2005, approximately 13 million hectares of forest were cleared each year, a net loss-after reafforestation and forest expansion-of 7.3 million hectares per annum (FAO 2005) . The severity of the impact of such large-scale environmental change on human health is only beginning to be quantified (Millennium Ecosystem Assessment 2005) , yet the nexus between such change and human health may be traceable back to antiquity. Are humans slow learners about disease and environmental change? Below, we integrate evidence from the capital of the Roman Empire to suggest that perhaps we are.
The relationship between deforestation and malaria in Rome
By the late seventh century BCE, Rome was emerging as a city from a fusion of villages; by the first century CE, it had become the capital of the Roman Empire and the major population center of the ancient world. Draped over the famed "seven hills," Rome was built around the basin of the Tiber, on land prone to waterlogging and subject to the intermittent flooding of the river. In antiquity, such low-altitude, warm, and well-watered sites were favored for city foundation; indeed, it was these very environmental conditions that made possible the intensive farming of staple crops-notably of grain, olives, and grapes among the Greco-Romans-on which the growth of urban populations was predicated. Such growth was associated with intensive deforestation, driven by the need to clear agricultural land and to harvest timber for construction and combustion, the latter of which supported extensive Roman metal-smelting developments (Sallares 2002) . Land clearing brought about the destruction of the large forests that Theophrastus (Hort 1916) attests to have been standing, in the late fourth century BCE, in the area of Latium around Rome-and such widespread deforestation was not confined to the immediate surrounds of Rome itself.
A complex of ecological changes may be associated with such deforestation. A decrease in transevaporation can lead to a raised water table, with an increase in surface standing water. A reduction in absorptive capacity can lead to an increase in runoff; increased runoff, in turn, can cause erosion, resulting in the deposition of topsoil into alluvial plains (see figure 1a) . There are clear indications that these ecological effects were indeed experienced at Rome. The Tiber flooded frequently in the first centuries BCE and CE, with major crises recorded for 54 BCE, 23 BCE, and 15 CE; lowerlevel inundation was commonplace. According to writings by Pliny the Elder, the flooding was most concentrated in the capital itself in the first century CE. His nephew, the younger Pliny, confirmed the existence of a high water table, noting that one soon struck water when digging anywhere on his Laurentum estate, on the coast not far from Rome (Melmoth and Hutchinson 1915) . Were these phenomena escalating with the deforestation? A lack of comparative data precludes any real assessment of the scale of changes over time, but the nature of the anecdotes from the two Plinys does suggest at least that they regarded the extent of the flooding, and the high water table, as worsening conditions. Archeology, moreover, demonstrates the presence of significant alluviation, with the Roman Forum of the imperial period separated from the stratum of the archaic period by several meters of alluvial deposits (Quilici 1979) .
There are obvious implications here for a multitude of diseases. The flooding alone had significant health ramifica- tions for a city whose sewerage and drainage systems were one and the same. Instances of sewerage backwash may have been common (Scobie 1986) . Receding floodwaters create an ideal habitat, too, for the proliferation of insectborne disease. The attraction of insects to water bodies that have dried over the summer is a fact of which the ancients were already apprised, for Palladius (Martin 1976) warns particularly against the insect infestations and "pestilence" generated by drying marshes. A high water table, alluvial plains, and frequent flooding have the potential to expand the available breeding sites for the Anopheles mosquito, which acts as a vector for malaria (see figure 1a) . Evidence from regions surrounding Rome is also suggestive of a link between deforestation, with its associated ecological changes, and the malarial infestations attested in the literary tradition. Soil erosion upstream, for example, brought about the deposition of alluvial plains at Ostia, on the mouth of the Tiber; the silting was severe enough for Ostia to be abandoned as Rome's main port in the first century CE, and the adjacent coastal lagoons were gradually replaced with stagnant marshes. The presence of malaria at Ostia, a location whose early salinity may have originally afforded some protection, is documented in the anecdotal tradition from late antiquity onward; by the 11th century, the area was deemed so unhealthy that the bishop of Ostia re linquished his see (Sallares 2002) .
Perhaps the most telling interaction among deforestation, wetlands, and human health arises in the so-called Pontine territory, a broad, flat, well-watered plain to the south of Rome. In early times, it was an abundantly fertile region and, Roman historian Livy reported, once supported numerous settlements (Rackham 1947) . Its early capacity to support crops and animal husbandry made it a key target of Roman acquisitiveness into the fourth century BCE. In the following centuries, the nature of the Pontine region altered radically, although the changes are traceable only through later incidental references and anecdotes (Koot 1991) . What is clear is that, by the first century BCE and perhaps even earlier, the area had become dominated by stagnant swamps and marshesa change that may perhaps be reflected in a redesignation by the Romans of the ager Pomptinus, or Pontine field, as the Pomptinae paludes, or Pontine marshes (Traina 1988) . Deforestation was probably a major factor in this change, although there may have been other contributors. Sallares (2002) points to the possible adverse impact on the area's natural drainage pattern of the construction of a road (the Via Appia) across the Pontine plain in the late fourth century. Subsquent Roman attempts to drain the marshes-such as that by Marcus Cornelius Cethegus in 160 BCE-were unsuccessful because the flatness of the land impeded the effective removal of water, and may even have exacerbated rather than alleviated the problem as further areas of standing water were created. The Pontine marshes became, it seems, both too marshy and too pestilential to farm, for a pronounced infestation of malaria accompanied this ecological change. Literary and archaeological evidence indicate that the population of the region collapsed. Not until Mussolini's public works projects in the 20th century could the Pontine marshes once more become widely inhabited and cultivated. Similar patterns are indicated by the evidence from antiquity at other sites. Sallares (2002) argues for just such a situation at Metapontum, in southern Italy, where archaeology has revealed not only a rise of over a meter in the water table between the sixth and fourth centuries BCE but also the likely presence of malaria, as indicated by the thalassemiarelated lesions on ancient skeletal remains in the nearby necropolis (Grmek 1989) . For the city of Rome, malaria's endemic status in antiquity is indicated both by the observations of Roman authors and by recent studies of Roman funerary records (Scheidel 1994 , Sallares 2002 . The state of the evidence is insufficient to establish conclusively the scale of any increase in the disease burden over time within Rome itself, and hence any possible correlation with deforestation and associated ecological changes. Nor should the success of the malarial parasite be ascribed to a single cause; other factors, such as the climatic conditions in antiquity, will have played a part. Comparison with the modern case studies cited below does suggest, however, that a link between malaria and deforestationbased ecological change may be plausibly postulated.
Modern parallels
A growing body of research, spanning studies from Africa, Australia, and the Amazon, points to a connection between vectorborne disease rates and the nexus of ecological changes associated with deforestation. Writing on malaria vectors in Africa, for example, Livingston (1958) observed that it "is only when man cuts down the forest that breeding places for A[nopheles] gambiae become almost infinite." It is an observation readily explained. African forests in their native state do not provide a favorable breeding habitat for the primary malarial vector, A. gambiae: the forest floor, which is dark and tends to absorb standing water, is not conducive to the open, sunlit pools favored by the larvae of this species. Livingston's observation has now been confirmed by empirical research that demonstrates, at a local level, both a direct link between deforestation and malaria transmission potential (Tuno et al. 2005 , Munga et al. 2006 ) and an indirect link through the modification of the local microclimate (Lindblade et al. 2000 , Afrane et al. 2005 .
Similar connections between deforestation and human health have been observed in the Amazonian region, where malaria transmission is closely linked to anthropogenic processes, particularly landscape change (Singer and Caldas de Castro 2001) and frontier human settlement (Caldas de Castro et al. 2006) . A recent study in the Peruvian Amazon reported that the human-biting rate for the major local malaria vector, Anopheles darlingi, was more than 278 times higher in deforested areas than in predominantly forested ones (Vittor et al. 2006 ). Foley and colleagues (2007) provided a comprehensive review of the range of ecosystem services, including amelioration of vectorborne diseases, that are degraded by deforestation in the Amazon. The increase in disease associated with deforestation can be explained by the increased nutrient load and solar exposure that promotes mosquito breeding in standing water in deforested sites (Leisnham et al. 2004 ); field observations have confirmed that larval density is significantly greater in anthropogenically modified urban and agricultural land than in native forests (Leisnham et al. 2005) .
Our final corroborative example comes from Western Australia, where deforestation for agriculture has left 1.047 million hectares of southwest Western Australia affected by waterlogging and dryland salinity. Land clearing in this region has had a pronounced impact on the water balance, as the shallow-rooted annual pasture crops use less water than the deep-rooted native perennial vegetation they replace (Clarke et al. 2002) . The resulting increase in recharge and runoff leads to a rise in the water table, thereby bringing saline water to the surface, where halophilic vectors of Ross River virus can exploit these new habitats (see figure 1b) . The anticipated increase in vector abundance and distribution has already been demonstrated (Jardine 2007) , and an increase in disease burden may be projected as the affected area continues to expand by a further predicted 1.7 million to 3.4 million hectares (George et al. 2006) .
Conclusions
This article serves to highlight the complexity of the nexus of deforestation, associated ecological change, and vectorborne disease burden. We are still grappling today with difficulties similar to those encountered in ancient Rome. Although agricultural development is intrinsically linked to deforestation-and it is thus not surprising that agricultural development is often associated with increased mosquito-borne disease transmission-the relationship does not always pertain; factors specific to the local environment and the type of agricultural development are also important. A recent review of 60 examples of the impact of agricultural development on anopheline ecology underlines this complexity. In 36 of the examples reviewed, anopheline density increased, resulting in 25 of these cases in an increase in local malaria transmission; there was no significant change in the other 11. Anopheline density decreased in the remaining 24 examples; a corresponding decrease in malaria transmission was observed in only 8 of these cases (Yasuoka and Levins 2007) . A comprehensive review of the impact of irrigation schemes and large dams on malaria transmission has determined that the outcome is moderated by a range of variables that operate at local and regional scales, such as the stability of local malaria transmission, vector control activities, water management practices, socioeconomic factors, and health-seeking behaviors (Keiser et al. 2005) .
For this reason, the required response is not straightforward. For much of mankind's history since the agricultural revolution, trees have been viewed as obstacles to the plow; it is only in the last 50 years or so that humans have developed a sense of our role as guardians of nature, and with it an "awesome sense of our responsibility for the past destruction and the future survival of other species" (Arnold 1996) . However, simply halting deforestation practices and replanting trees is not enough. The complex interactions between deforestation, vectorborne disease, and context-specific variables affirm the need for the kind of "cross-sectoral perspective" in policy development already advocated by Pattanayak and colleagues (2006) .
The Roman response to the malaria endemic in the city was to quit the metropolis during the summer, when disease rates in general were known to peak, and to build their villas on the highest ground in the city, where altitude afforded some protection against the Anopheles mosquito. Although founded on an erroneous understanding of disease causality (the notion that "bad air"-the literal meaning of malariawas the transmitter of much disease), these responses may well have been effective. They were available, however, only to the wealthy elite able to afford both property on the prestigious Roman hills and the extended absence from business that departure from the city entailed. Policymakers and health professionals today are charged with the much more difficult prospect of developing an inclusive and sustainable response that takes into account a range of social, behavioral, economic, cultural, and political issues.
